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bstract
The 2 at.% Sm:GdVO4 crystal was grown by the Czochralski method. The segregation coefficient of Sm3+ ion in this crystal is 0.98. The
rystal structure of the Sm:GdVO crystal was determined by X-ray diffraction analysis. Judd–Ofelt theory was used to calculate the intensity4
arameters (Ωi), the spontaneous emission probability, the luminary branching ratio and the radiative lifetime of the state 4G5/2. The stimulated
mission cross-sections at 567, 604 and 646 nm are calculated to be 5.92 × 10−21, 7.62 × 10−21 and 5.88 × 10−21 cm2, respectively. The emission
ross-section at 604 nm is 4.4 times lager than that in Sm:YAP at 607 nm.
2007 Elsevier B.V. All rights reserved.
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. Introduction
The gadolinium vanadate (GdVO4) single crystal is an excel-
ent laser host material with good laser property, chemical
tability and machine property. It has attracted great inter-
st recently and the GdVO4 doped with Pr3+, Nd3+, Ho3+,
r3+, Tm3+, Yb3+ ions have been studied [1–4]. GdVO4 crys-
al is a unaxial crystal with the tetragonal D194h space group
41/amd. The lattice constants of GdVO4 are a = b = 0.72126 nm,
= 0.63483 nm, respectively. To contrast with the Nd3+:YVO4
rystal, the absorption and the emission cross-section of the
sostructural Nd3+:GdVO4 crystal is larger. Furthermore, the
hermal conductance of the GdVO4 crystal is close to that of
he YAG crystal [5].
Recently, with the increasing demand of various visible lasers
nd light sources, investigations on samarium and europium
ons are becoming more significant. Although Sm3+-doped var-
ous glasses and crystals have been studied, investigations on
m3+-doped GdVO4 crystals are less known to the best of our
nowledge. In this work, the growth of 2 at.% Sm:GdVO4 single
rystal was demonstrated and analyzed. The segregation coeffi-
ient of Sm3+ ion and the structure of the Sm:GdVO4 crystal have
een determined. Judd–Ofelt parameters, spontaneous transition
robabilities and branching ratios were calculated. The peak
∗ Corresponding author. Tel.: +86 21 69918489; fax: +86 21 69918607.
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mission cross-sections were also estimated at 567, 604 and
46 nm wavelengths.
. Experimental
.1. Crystal growth
Sm:GdVO4 was grown by the radio frequency (RF) heating Czochralski (CZ)
ethod with an iridium crucible (70 mm in diameter and 50 mm in height). The
tarting materials were prepared from 99.99% Sm2O3, Gd2O3 and V2O5 pow-
ers. The composition was chosen to be stoichiometric based on the following
ormula:
Sm2O3 + (1 − x)Gd2O3 + V2O5 = 2SmxGd(1−x)VO4, x= 0.02
The mixture was ground, extruded to form pieces with diameter close to the
nner diameter of the crucible at high pressure, then in an aluminum crucible
t 1200 ◦C for 10 h. The charge was then loaded into the iridium crucibles for
rystal growth.
The optimal growth conditions were that pulling and rotation rates were
mm/h and 10–20 rpm under the nitrogen atmosphere, respectively. In the pro-
ess of cooling, the atmosphere was supplied with 2 vol.% oxygen after the
elt surface froze. In order to prevent the crystal from cracking, the crystal was
ooled to room temperature slowly after that. Finally, a Sm:GdVO4 crystal of
8 mm × 18 mm × 28 mm (a× b× c) in diameter was obtained.
.2. Sample preparationThe sample that was cut from the crystal near the seed crystal position was
rinded to powder in an agate mortar, and than the concentration of Sm3+ ion
as analyzed with inductively coupled plasma atomic emission spectrometer
ICP-AES). The phases and structure of the samples were determined by X-
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The Emission spectrum in the range of 500–700 nm under
408 nm excited at room temperature is shown in Fig. 5. The
transitions of 4G5/2 → 6H5/2(567 nm), 4G5/2 → 6H7/2(604 nm),
4G5/2 → 6H9/2(646 nm) are observed. The Sm3+-droped mate-ig. 1. The X-ray powder diffraction patterns of Sm:GdVO4 crystal and pure
dVO4 crystal.
ay diffraction (XRD) with Ni-filtered Cu K radiation (Rigaku Corp.; 40 kV,
00 mA).
Samples of Sm:GdVO4 for spectroscopic measurements were cut from the
rystal perpendicular to <0 0 1>-growth axis. They were mechanically polished
o 1 mm, and then annealed at 1150 ◦C for 20 h in the flowing O2 atmo-
phere. The unpolarized absorption spectrum was measured with a JASCO
-570 UV–vis/NIR spectrophotometer. The fluorescence spectrum was recorded
ith a JASCO FP-6500 spectrophotometer. All the measurements were per-
ormed at room temperature.
. Results and discussion
.1. Structure and segregation coefﬁcient
The compositions of Sm:GdVO4 crystal are made of three
xides (Sm2O3, Gd2O3 and V2O5). In the Sm:GdVO4 crystal
he Sm3+ ion is in the place of the Gd3+ site in a dodecahedron.
he X-ray powder diffraction patterns of Sm:GdVO4 crystal
as shown in Fig. 1. It shows that the structure of Sm:GdVO4
rystal is similar to that of pure GdVO4 [6] and have a tetrago-
al symmetry with the lattice parameters a = b = 0.7218 nm and
= 0.6356 nm.
The distribution coefficient of Sm3+ ion in Sm:GdVO4 crystal
an be calculated by the following formula:
m = Ctop
C0
(1)
here C0 is the initial Sm3+ ion concentration in the melt, and
he Ctop is the Sm3+ ion concentration at the growth starting
3+osition in the crystal. The segregation coefficients of Sm ion
n GdVO4 were calculated, which is listed in Table 1. The density
f the crystal was 5.48 g/cm3 and the number density of Sm3+
as 2.39 × 1020 cm−3.
able 1
egregation coefficient of Sm3+ ion in the GdVO4 crystal
on C0(at%) Atom content (wt%) Ctop(at%) Km
Sm3+ Gd3+
m3+ 2.0 0.88 46.2 1.974 0.98Fig. 2. Absorption spectrum of Sm:GdVO4 crystal at room temperature.
.2. Absorption spectrum
The absorption spectrum of Sm:GdVO4 along the axis c in
he wavelength rage of 350–650 and 800–1800 nm is shown
n Figs. 2 and 3, respectively. The line groups are labeled by
he usual SLJ designation. Assignments of the bands for the
xcited states from the ground state (6H5/2) are also shown
n Figs. 2 and 3. The absorption cross-section at 408 nm is
.87 × 10−20 cm2 which is larger than the calculated value in
m:YAP at 410 nm (about 2.44 × 10−20 cm2) [7].
.3. Excitation spectrum and luminescence spectrum
Fig. 4 presents excitation spectrum of Sm:GdVO4 crystal.
he prominent excitation at 408 nm has been selected for the
easurement of emission spectrum of Sm:GdVO4 crystal. The
F7/2 level of Sm3+ is excited with 408 nm wavelength, though
his level is within thermal excitation energy at room temper-
ture, no fluorescence could be observed from this level. The
xcited ions decay, mainly by fast non-radiative processes [8],
o the 4G5/2 level.Fig. 3. Absorption spectrum of Sm:GdVO4 crystal at room temperature.
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ial shows a bright orange-reddish emission under an UV source
9–11]. The peak at 604 nm is very intense. The 4G5/2 → 6H5/2
ransition is mainly dominated by MD and partly by ED, the
G5/2 → 6H7/2 transition with J = ±1 is MD allowed but ED
ominated, and the 4G5/2 → 6H9/2 transition along with the
G5/2 → 6H11/2 transition are ED dominated while MD tran-
itions are formally forbidden [12,13].
.4. Calculations of spectral parameter
The radiative transition with the 4fn configuration of a
are-earth ion can be analyzed by the Judd–Ofelt approach.
ccording to the Judd–Ofelt theory [14,15], the absorption
pectrum of Sm3+ ion in Sm:GdVO4 was analyzed using the
ollowing equations:
calc(J, J ′) =
∑
i=2,4,6
Ωi|〈S,L, J ||U(i)||S′, L′, J ′〉|2 (2)exp(J, J ′) = 3hc(2J + 1)8π3e2N
9n
(n2 + 2)2
ln 10
¯λL
∫
OD(λ) dλ (3)
Fig. 5. Emission spectrum of Sm:GdVO4 crystal.
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msS =
√∑ (Sexp − Scal)2
Ntr − Npar (4)
(J, J ′) = Aed + Amd
= 64π
4e2
3h(2J + 1)¯λ3
[
n(n2 + 2)2
9
Sed + n3Smd
]
(5)
md = h
2
4m2c2
|〈φJ ||L + 2S||φ′J ′〉|2 (6)
JJ ′ = A(J, J
′)∑
J ′A(J, J ′)
(7)
rad = 1∑
A(J, J ′) (8)
here Scalc (J, J′) and Sexp (J, J′) are measured and calculated
ine strengths, ¯λ is the mean wavelength of the transition, OD
s the optical density, L is the sample thickness, N is the num-
er density of rare-earth ions, n is the refractive index (here we
se the average value 2.082), c is the velocity of the light, h the
lanck constant, m is mass of the electron, e is the charge of the
lectron, rmsS is the root-mean-square deviation of the exper-
ment and calculation line strengths. β is the luminary branching
atio, τrad is the radiation lifetime of a given upper level. A (J,
′) is spontaneous transition probability, Aed and Amd are the ED
nd magnetic-dipole (MD) contributions, |〈S, L, J||U(i)||S′, L′,
′〉|2 is the square of the matrix elements of the tensorial opera-
or, which is considered to be independent of host matrix and has
een calculated in Ref. [16]. From Eq. (5), we can see that the
agnitude of Smd does not change with the host environment.
ere we use the value given by Ref. [16].
The intensity parameters Ωi were fitted by a least-root-
eans-square fitting between Eqs. (2) and (3), the tree intensity
arameters could be obtained:
2 = 2.75 × 10−19 cm2, Ω4 = 3.22 × 10−20 cm2 and
Ω6 = 4.97 × 10−20 cm2.
The measured and calculated line strengths are listed
n Table 2. The root-mean-squares (rmsS) deviation is
.42 × 10−21, which indicates the fitting results are in good
greement with the experiments.
Electric (Sed) and magnetic (Smd) dipole line strengths,
otal radiative (A) spontaneous transition probabilities, and
able 2
he measured and calculated line strength
ransition from 6H5/2 ¯λ (nm) Sexp (10−20 cm2) Scal (10−20 cm2)
F3/2 + 6H15/2 + 6F1/2 1572 9.953 9.771
F5/2 1397 2.093 1.829
F7/2 1248 2.661 2.654
F9/2 1095 2.197 1.762
F11/2 960 0.312 0.26
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Table 3
The calculated luminescence parameters of the Sm:GdVO4 crystal
Transition from 6G5/2 Sed (10−22 cm2) Smd (10−22 cm2) A (S−1) β (%) τrad (ms)
6F11/2 0.281 0.0000 0.63 0.03
6F9/2 5.153 0.0000 23.16 1.25
6F7/2 0.648 0.2670 7.41 0.40
6F5/2 20.376 0.6620 293.41 15.80
6F3/2 3.061 0.8460 92.81 5.00
6H15/2 0.099 0.0000 0.60 0.03
6F1/2 2.754 0.0000 140.44 7.56
6H13/2 0.960 0.0000 9.60 0.51
6H11/2 2.754 0.0000 43.65 2.35
6H9/2 34.00 0.0000 844.12 45.40
6H7/2 7.476 0.5810 305.29 16.40
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[
[
[
[14] B.R. Judd, Phys. Rev. 127 (1962) 750.H5/2 1.019 0.5730
he branching ratios as well as the radiative life of 4G5/2 in
m:GdVO4 are summarized in Table 3. The measured lifetime
f 4G5/2 is 0.55 ms, which is very close to the estimated radiative
ifetimes 0.54 ms.
The stimulated emission cross-section can be calculated via
he following expression [17]:
e =
λ4p
8πcn2λτm
(9)
here λp is the emission wavelength, λ the full-width at
alf-maximum, According to Eq. (9) the stimulated emis-
ion cross-sections at 567, 604 and 646 nm are calculated to
e 5.92 × 10−21, 7.62 × 10−21 and 5.88 × 10−21 cm2, respec-
ively. More importantly, the emission cross-section at 604 in
m:GdVO4 is 4.4 times lager than in Sm:YAP at 607 nm. The
roduct of the lifetime of 4G5/2 and the emission cross-section at
04 nm is 4.11 × 10−21 cm2 ms which can be comparable with
hat of Sm:YAP (4.128 × 10−21 cm2 ms at 607 nm) but larger
han that of Sm3+ in other crystals [7].
. Conclusion
The 2 at.% Sm:GdVO4 crystal was grown by the Czochral-
ki method. The segregation coefficient of the Sm3+ ions
n the GdVO4 crystal is about 0.98. The X-ray diffraction
easurement shows that the Sm3+ ion does not alter theattice structure of the GdVO4 crystal. The Judd–Ofelt param-
ters were as Ω2 = 2.75 × 10−19 cm2, Ω4 = 3.22 × 10−20 cm2
nd Ω6 = 4.97 × 10−20 cm2. The spontaneous transition prob-
bility, the luminary branching ratio and radiative lifetime
[
[
[97.00 5.22∑
A = 5.4 × 10−4
∑
β = 1 0.54
ere calculated. The absorption cross-section at 408 nm is
.87 × 10−20 cm2 which is larger than the calculated value in
m:YAP at 410 nm. And the emission cross-section at 604 nm
f Sm:GdVO4 is 7.62 × 10−21 cm2 which is 4.4 times lager than
n Sm:YAP at 607 nm. This results indicate that the Sm:GdVO4
rystal has potential use in visible laser area.
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